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Abstract Backbone
15N relaxation parameters and
15N–
1H
N residual dipolar couplings (RDCs) have been
measured for a variant of human a-lactalbumin (a-LA) in
4, 6, 8 and 10 M urea. In the a-LA variant, the eight cys-
teine residues in the protein have been replaced by alanines
(all-Ala a-LA). This protein is a partially folded molten
globule at pH 2 and has been shown previously to unfold in
a stepwise non-cooperative manner on the addition of urea.
15NR 2 values in some regions of all-Ala a-LA show sig-
niﬁcant exchange broadening which is reduced as the urea
concentration is increased. Experimental RDC data are
compared with RDCs predicted from a statistical coil
model and with bulkiness, average area buried upon fold-
ing and hydrophobicity proﬁles in order to identify regions
of non-random structure. Residues in the regions corre-
sponding to the B, D and C-terminal 310 helices in native
a-LA show R2 values and RDC data consistent with some
non-random structural propensities even at high urea con-
centrations. Indeed, for residues 101–106 the residual
structure persists in 10 M urea and the RDC data suggest
that this might include the formation of a turn-like struc-
ture. The data presented here allow a detailed character-
ization of the non-cooperative unfolding of all-Ala a-LA at
higher concentrations of denaturant and complement pre-
vious studies which focused on structural features of the
molten globule which is populated at lower concentrations
of denaturant.
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Introduction
While structural biology generally concerns itself with the
study of folded states of proteins, the study of denatured,
unfolded or partially-folded states is equally important.
Understanding the structure and dynamics of these states
can help to elucidate mechanisms and processes which
occur during protein folding (Arai and Kuwajima 2000;
Dinner et al. 2000; Ptitsyn 1995). Non-native states of
proteins have also been recognized to be involved in a
range of disease states (Dobson 2001; Kelly 2002). In
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DOI 10.1007/s10858-009-9342-yaddition, it has been shown that many proteins and protein
domains are unstructured or only partially structured under
physiological conditions (Wright and Dyson 1999). Non-
native protein states are not characterized by a single stable
three-dimensional structure. Instead they consist of
ensembles of interconverting conformers. NMR is well
suited to the study of such non-native protein states (Dyson
and Wright 2001; Shortle 1996). Among the NMR tech-
niques and parameters which have proved to be useful in
deﬁning conformational ensembles are chemical shift
deviations (Eliezer et al. 2000; Ramboarina and Redﬁeld
2003; Spera and Bax 1991; Wishart and Sykes 1994),
3JNHa
coupling constants (Smith et al. 1996), short-range
1H–
1H
NOEs (Schwalbe et al. 1997), paramagnetic relaxation
enhancement (Gillespie and Shortle 1997a, b),
15N relax-
ation measurements (Dyson and Wright 2001; Klein-See-
tharaman et al. 2002; Schwalbe et al. 1997) and unfolding
with urea (Schulman et al. 1997; Wang et al. 1995; Wang
and Shortle 1995). Together with mutagenesis (Klein-
Seetharaman et al. 2002; Nishimura et al. 2005; Song et al.
1998; Wu and Kim 1998) these have enabled the locali-
zation of short-range secondary structure propensities and
long-range non-native hydrophobic clusters within unfol-
ded and partially-folded proteins.
More recently, residual dipolar couplings (RDCs) have
emerged as an important tool for characterizing residual
structure in unfolded or partially-folded proteins (Meier
et al. 2008). Initial studies by Shortle and co-workers on
denatured staphylococcal nuclease, eglin c and short
unstructured peptides showed these to have comparatively
uniform non-zero RDC values (Ackerman and Shortle
2002a, b; Ohnishi et al. 2004; Ohnishi and Shortle 2003;
Shortle and Ackerman 2001). Predictions using random
ﬂight and valence chains show this to be the expected
behavior of a fully-denatured polypeptide chain (Lou-
hivuori et al. 2004, 2003; Obolensky et al. 2007). Improved
ﬁts between experimental and predicted RDCs are obtained
when using structural models derived from U/W propen-
sities of coil regions in folded proteins (Bernado ´ et al.
2005b; Jha et al. 2005). Deviations from these models can
be used to identify regions of persistent residual structure.
This approach has been used to characterize the popula-
tions of residual helical structure in ribonuclease S-peptide
(Alexandrescu and Kammerer 2003), ACBP (Fieber et al.
2004), apomyoglobin (Mohana-Borges et al. 2004) and
Sendai virus nucleoprotein (Jensen et al. 2008), to probe
persistent long-range contacts in a-synuclein (Bernado ´
et al. 2005a) but lacking in b-synuclein (Bertoncini et al.
2007), to identify residues involved in persistent hydro-
phobic clusters or close to proline residues in a nucleo-
capsid-binding domain (Bernado ´ et al. 2005b),
apomyoglobin (Mohana-Borges et al. 2004) and the A-state
of foldon (Meier et al. 2004) and to locate turn
conformations populated in denatured ubiquitin (Meier
et al. 2007) and natively unfolded Tau protein (Mukrasch
et al. 2007). In addition, variations in RDC values with
temperature have been used to identify melting hotspots
during the unfolding of the protein GB1 (Ding et al. 2004)
and to characterize the unfolding of the b-hairpin in the
A-state of foldon (Meier et al. 2004).
In this paper we use
15N relaxation and RDC measure-
ments to study the stepwise unfolding in urea of a molten
globule formed by a variant of human a-lactalbumin (a-LA)
(Fig. 1). Non-native states of a-lactalbumin have been
studied extensively using a wide range of experimental and
theoretical approaches (Kuwajima 1996; Ramboarina and
Redﬁeld 2003, 2008; Redﬁeld et al. 1999; Schulman et al.
1997,1995;Smithetal.2005;Songetal.1998;WuandKim
1998).a-LAformsamoltenglobule,theso-calledA-state,at
low pH (Ptitsyn 1995). Heteronuclear NMR methods have
shown that this A-state unfolds in a very non-cooperative
manner on the addition of urea (Schulman et al. 1997). A
core containing residues from the native-state A, B, D and
C-terminal 310 helices in a-LA persists even in 10 M urea.
a-LA contains four disulﬁde bonds. The unfolding of a
variant of a-LA, in which the eight cysteine residues have
been replaced by alanines (all-Ala a-LA), has been char-
acterized using the same approach (Redﬁeld et al. 1999).
Interestingly, this variant shows a similar persistent core
and non-cooperative unfolding on the addition of urea.
However, in all-Ala a-LA the core containing residues from
the A, B, C, D and C-terminal 310 helices only persists up to
concentrations of 3 M urea. Unfolding is virtually complete
in 7 M urea, as indicated by the observation of all expected
peaks in the
15N–
1H HSQC spectrum; circular dichroism
measurements at 222 nm show that almost all helical
structure is lost in 7 M urea (Redﬁeld et al. 1999). In this
paper, we investigate the all-Ala a-LA variant by measuring
Fig. 1 Schematic representation of the native structure of human
a-lactalbumin. The a- and b-domains and the ﬁve a-domain helices
are labelled. The diagram was generated using MOLSCRIPT (Kraulis
1991)
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12315N relaxation and RDC data for the protein at pH 2 in 4, 6,
8 and 10 M urea. By combining these data with
15N
chemical shifts, results from urea unfolding experiments
and studies of small peptides we have been able to derive a
comprehensive picture of the backbone dynamics and
residual structure present during protein unfolding.
Materials and methods
15N-labelled all-Ala a-LA was expressed and puriﬁed as
described elsewhere for related proteins (Peng et al. 1995;
Schulman et al. 1995). Samples for the
15N relaxation and
RDC measurements were prepared at a protein concentra-
tion of 0.4 mM in 4, 6, 8 and 10 M urea at pH 2. 6%
polyacrylamide gels were used to align the samples for
RDC measurements. These were prepared in a similar
manner to that described by Sass et al. (2000). The iso-
tropic data were collected ﬁrst using Shigemi microcells.
The dried gels were then added to the samples, and allowed
to swell before being compressed from an initial length of
3 cm to a ﬁnal length of 2.1 cm. In this manner it was
possible to ensure that the urea concentration remained the
same for both datasets. Repeat experiments were conducted
in order to estimate the error. Average RDC values are
reported and the error was found to be *0.5 Hz at all urea
concentrations. Despite this proportionately fairly large
error, the magnitude and sign of RDCs was reproduced
extremely well in separate datasets, even when using dif-
ferent samples.
NMR experiments were performed on a home-built
NMR spectrometer, located in the Department of Bio-
chemistry, operating at a
1H frequency of 599.48 MHz.
15N–
1H
N RDCs were measured at 20C using an HSQC
experiment which incorporated an S
3E pulse-sequence
element (Meissner et al. 1997). 128 and 1,024 complex
points and sweep widths of 1,272.26 and 6,756.76 Hz were
collected in F1 (
15N) and F2 (
1H), respectively. The data
were processed using Felix 2.3 (Accelrys) and zero-ﬁlled to
give ﬁnal digital resolutions of 0.3 Hz/pt and 3.3 Hz/pt in
F1 and F2, respectively.
15NR 1 and R2 relaxation rates and
the {
1H}–
15N NOE were measured using standard pulse
sequences at 20C, with 128 and 1,024 complex points and
sweep widths of 1,152.07 and 6,514.66 Hz in F1 (
15N) and
F2 (
1H), respectively. The R1 and R2 measurements used a
series of 9 to 12 experiments with relaxation delays ranging
from 20 to 2,500 ms and from 8.6 to 1,200 ms, respec-
tively. The {
1H}–
15N NOE is reported as the ratio of peak
heights in spectra collected with and without saturation of
the
1H spectrum by a non-selective 90 pulse every 10 ms
for a period of 4 s. Errors in the measurement of peak
heights were estimated from baseplane noise. Fitting of R1
and R2 rates and reduced spectral density mapping
(Bracken et al. 1999; Farrow et al. 1995) were carried out
using in-house programs written in Fortran77.
An ensemble of 5,000 all-Ala a-LA structures was
generated using the Jha et al. algorithm (http://unfolded.
chicago.edu/) (Jha et al. 2005). RDCs were predicted for
this ensemble using the program PALES (Zweckstetter and
Bax 2000). Each structure was aligned separately and the
resulting RDCs were then averaged over the ensemble and
scaled so that the mean predicted RDC value was the same
as that observed experimentally. The average area buried
upon folding (AABUF) (Rose et al. 1985) and hydropho-
bicity (Abraham and Leo 1987) proﬁles for all-Ala a-LA
were calculated using the ExPASy web server (http://
expasy.org) weighted over a 7-residue window. The bulk-
iness proﬁle for all-Ala a-LA was calculated as described
by Cho et al. (2007).
Results
15N relaxation data for all-Ala a-LA
R1 and R2 relaxation rates and the {
1H}–
15N heteronuclear
NOE ratio measured in 4, 6, 8 and 10 M urea are plotted as
a function of the all-Ala a-LA sequence in Fig. 2 (the full
data are provided as Electronic supplementary material).
The relaxation data at high urea concentrations are similar
to those reported for other denatured proteins (Schwalbe
et al. 1997; Schwarzinger et al. 2002). The R2 relaxation
rates, generally the most informative of the three parame-
ters for denatured proteins, are smaller at the termini and
rise to a plateau in the central region of the polypeptide
chain. This is in agreement with predictions from a simple
model of an unfolded polypeptide chain with unrestrained
segmental motion in which the
15N relaxation properties of
a given amide group are not inﬂuenced to any signiﬁcant
extent by the identity of neighboring residues in the chain
(Schwalbe et al. 1997). Deviations from this pattern are
largest at 4 and 6 M urea and decrease as the urea con-
centration is increased. In 10 M urea, average R2 values of
4.89 and 4.81 are observed for the a-domain (residues 1–39
and 82–123) and the b-domain (residues 40–81), respec-
tively. Elevated R2 relaxation rates are observed in the
a-domain of the protein, particularly in 4 M urea. A sharp
decrease in R2 is observed around residue 20, particularly
in 6, 8, and 10 M urea. The sequence from 17–20 is GYGG
and the high conformational freedom of glycine residues
presumably enables this region to be relatively more ﬂex-
ible at all urea concentrations. In addition, residues 17–22
correspond to a loop region between the native A and B
helices (Fig. 1). This loop region has been observed to
unfold at a lower urea concentration than the ﬂanking
helices (Redﬁeld et al. 1999). A less pronounced decrease
J Biomol NMR (2009) 45:121–131 123
123in R2 is observed in the vicinity of Gly35 at the end of the
B helix. The differing plateau values for R2 at the three
highest urea concentrations reﬂect a viscosity effect; as the
urea concentration is raised, the viscosity of the sample
increases, the overall molecular tumbling is slowed and the
R2 relaxation rate is raised. Interestingly, the data collected
at 4 M urea do not follow this trend and the R2 values are
higher than expected. Furthermore, residues 40–60 form a
higher plateau than residues 61–80 which could be the
result of differential exchange broadening in the b-domain
in 4 M urea. This would correlate with previous NMR
studies of all-Ala a-LA which have shown that the protein
is not completely unfolded in 4 M urea (Redﬁeld et al.
1999) and a recent study of backbone dynamics of the all-
Ala a-LA molten globule which has shown differences
in fast timescale dynamics within the b-domain; residues
40–60 show more restricted mobility than residues 61–80
(Ramboarina and Redﬁeld 2008).
15N relaxation data for folded proteins are usually ana-
lyzed using the model-free formalism of Lipari and Szabo;
using this approach order parameters and internal correla-
tion times can be extracted for individual residues (Lipari
and Szabo 1982a, b). This approach is not appropriate for
unfolded proteins because such systems cannot be descri-
bed by an overall rotational correlation time. Instead,
reduced spectral density mapping is often used to describe
backbone motions in unfolded proteins (Farrow et al. 1997;
Le Duff et al. 2006; Schwarzinger et al. 2002; Shojania and
O’Neil 2006; Wirmer et al. 2006b) and this approach has
been adopted here for all-Ala a-LA (Fig. 3). Both
J(0.87xH) and J(xN) show little variation with amino acid
sequence and urea concentration. Some deviations in these
Fig. 2
15N relaxation data for
all-Ala a-LA plotted as a
function of the amino acid
sequence. a {
1H}–
15N NOE as
Isat/Inonsat, b R1 and c R2 values
for all-Ala a-LA in 4 M (black),
6M( red), 8 M (cyan) and
10 M (gold) urea are shown. All
data were collected at 600 MHz
and 20C. The secondary
structure and domain
organization found in native
a-lactalbumin is summarized
above
124 J Biomol NMR (2009) 45:121–131
123spectral densities are observed for a-domain residues in
4 M urea but these are associated with large errors due to
the very weak peak intensities. J(0), which is most sensitive
to R2, shows a signiﬁcant dependence on the urea con-
centration for residues located in the a-domain of the
protein. The increased J(0) values in the a-domain
observed as the urea concentration is lowered reﬂect the
increasing contributions from exchange processes on the
millisecond to microsecond time scale as the protein
becomes more structured.
15N chemical shift data for all-Ala a-LA
15N chemical shifts measured in 6, 8 and 10 M urea are
in good agreement with the sequence-corrected shifts
predicted by Braun et al. (1994); correlation coefﬁcients of
0.98 are obtained for comparison of predicted and experi-
mental
15N shifts in both 6 and 10 M urea. Nevertheless,
differences in
15N chemical shifts are observed as a func-
tion of urea concentration in the spectra of all-Ala a-LA
(Redﬁeld et al. 1999). The difference between the
15N
chemical shifts measured in 10 and 6 M urea is plotted as a
function of sequence in Fig. 4a. Chemical shift differences
as large as 1 ppm are observed. The largest differences are
observed in the a-domain in regions of sequence that cor-
respond to the native A, B, D and C-terminal 310 helices.
These are the regions of the protein that showed the largest
exchange contributions to R2 at lower urea concentrations.
The chemical shifts for these regions in 6 M urea are
shifted upﬁeld of the 10 M values, consistent with the
Fig. 3 Reduced spectral
density mapping for all-Ala
a-LA at a 0 MHz (J(0)),
b 60 MHz (J(xN)) and c
522 MHz (J(0.87xH)) in 4 M
(black), 6 M (red), 8 M (cyan)
and 10 M (gold) urea. The
secondary structure and domain
organization found in native
a-lactalbumin is summarized
above
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123presence of residual helical propensity at the lower urea
concentration (Wishart and Sykes 1994). For residues
17–23, which are located between the native A and B
helices, much smaller chemical shift differences are
observed; this is consistent with the unfolding of this loop
at a lower concentration of urea. Smaller chemical shift
differences are observed in the b-domain but the pattern is
not uniform; somewhat larger differences are observed for
residues 40–60 than observed for 61–80. The larger shift
differences observed for residues 53, 54 and 59 are con-
sistent with the recent observation of restricted backbone
dynamics for residues in this region of the all-Ala a-LA
molten globule (Ramboarina and Redﬁeld 2008). A large
negative shift difference is observed for Val66; this residue
precedes a proline in the sequence.
Experimental RDCs for denatured all-Ala a-LA
15N–
1H
N RDCs were measured for all-Ala a-LA in com-
pressed polyacrylamide gels in the presence of 4, 6, 8 and
10 M urea at pH 2 and 20C. The chemical shifts observed
in the compressed gels are identical to those in isotropic
solution, suggesting that the structural ensemble of all-Ala
a-LA is not perturbed in the polyacrylamide gel medium.
Fig. 4 a Difference in
15N
chemical shifts for all-Ala a-LA
at 6 and 10 M urea at 20C
[d15N(10 M)–d15N(6 M)].
b–e Experimental RDCs
recorded for all-Ala a-LA in
compressed polyacrylamide
gels at 20C( black) are
compared with predicted RDCs
for all-Ala a-LA based on a
coil-model (red). Measurements
were made in b 4M ,c 6M ,
d 8 M and e 10 M urea. The
secondary structure and domain
organization found in native
a-lactalbumin is summarized
above
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123The RDC values are plotted as a function of amino acid
sequence in Fig. 4b–e (Tables listing the RDC values are
available as Electronic supplementary material). The RDC
values are positive for all four datasets with average values
of 0.55, 0.95, 1.17 and 1.11 Hz in 4, 6, 8 and 10 M urea,
respectively. The observation of positive non-zero RDC
values for denatured all-Ala a-LA in compressed poly-
acrylamide gels is in agreement with predictions for ran-
dom ﬂight and valence chains (Louhivuori et al. 2004,
2003) and data reported for other denatured proteins (Fie-
ber et al. 2004; Meier et al. 2004; Mohana-Borges et al.
2004). Deviations from uniform values across the sequence
may be due to nearest neighbor effects (Jha et al. 2005) and
the inherent U/W preferences of this amino acid sequence
(Bernado ´ et al. 2005b; Louhivuori et al. 2004). Alterna-
tively it may be indicative of speciﬁc long-range interac-
tions favoured by the polypeptide chain (Bernado ´ et al.
2005a). This will be explored in the next section using a
coil model for all-Ala a-LA. The absence of sustained
stretches of negative RDC values indicates that no persis-
tent helical structure is present (Alexandrescu and Kam-
merer 2003; Fieber et al. 2004), which is consistent with
circular dichroism data for all-Ala a-LA in urea solutions
(Redﬁeld et al. 1999).
Although the pattern of RDC values for the protein at
different urea concentrations is similar overall, there are
some signiﬁcant differences. For instance in 6 M urea neg-
ative values are observed for Asp16 and Gly17. In 8 M urea
the value for Asp16 is positive and in 10 M urea both resi-
dueshave positivevalues.Bycontrast,negativeRDCvalues
are observed for Tyr 103, Trp 104 and Leu 105 in 6, 8 and
10 M urea. In 4 M urea, RDC values for the majority of
a-domain residues could not be measured because the peaks
aretoobroad.Thecorrelationcoefﬁcientsbetweenthelarger
data sets are 0.70 (6 and 8 M urea), 0.64 (8 and 10 M urea)
and 0.46 (6 and 10 M urea); this is considerably lower than
found for staphylococcal nuclease in water and at different
urea concentrations (Shortle and Ackerman 2001) or for
ACBP at 2.5 and 4 M GuHCl (Fieber et al. 2004). This
suggests that although the protein is largely unfolded at the
higher urea concentrations used, signiﬁcant changes take
place in the structural ensemble of all-Ala a-LA as the urea
concentration is increased from 4 to 10 M; this is consistent
with the previous observation of stepwise non-cooperative
unfolding of all-Ala a-LA in urea (Redﬁeld et al. 1999).
Modelling RDCs for denatured all-Ala a-LA
Two all-atom models have been used to predict RDC
values for completely unfolded proteins (Bernado ´ et al.
2005b; Jha et al. 2005). Here we have used an ensemble of
5,000 structures generated using the Jha et al. coil algo-
rithm including nearest-neighbor effects (Jha et al. 2005)
and have calculated average predicted RDCs for this
ensemble as described in the ‘‘Materials and methods’’
section. Deviations from these predicted values should
indicate regions of residual structure within all-Ala a-LA.
Figure 4b–e show comparisons of the experimental RDCs
with those predicted from the statistical coil model. The
correlation coefﬁcients between experimental and calcu-
lated RDCs are 0.06, 0.17 and 0.25 at 6, 8 and 10 M urea,
respectively. It is likely that residues with a negative
experimental RDC value are involved in residual structure;
after removing these values the correlation coefﬁcients
increase to 0.16, 0.32 and 0.50. The improvement of the
correlation between the experimental and calculated values
at higher urea concentration reﬂects the increasingly
unfolded conformational ensemble for all-Ala a-LA. The
correlation coefﬁcient of 0.50 obtained for the 10 M urea
RDC data is signiﬁcantly lower than that reported by Jha
et al. for apomyoglobin (0.71) and ubiquitin (0.70) but
higher than the values for eglin c (0.30) and D131D
staphylococcal nuclease (0.14) (Jha et al. 2005).
Differences between the experimental data and the
predicted RDCs from the coil model can be broadly placed
into two categories. The ﬁrst of these includes residues
25–35 (the B helix in native a-LA) and the C-terminal
residues (310-helix in native a-LA): the calculated RDC
values deviate signiﬁcantly from the experimental values
measured in 6 M and to some extent in 8 M urea, but
match those from 10 M urea well. This is accompanied by
R2 values in these parts of the sequence which are elevated
in 4 M urea but decrease to the plateau value in 10 M urea.
These residues are evidently involved in residual structure
at lower urea concentration, but become unstructured at
high urea concentrations. A second group is formed by
residues 101–106 (D helix in native a-LA) which do not
correlate well with the predicted RDC values at any urea
concentration, and show somewhat elevated R2 values even
in 10 M urea. This indicates that these residues are to some
extent structured, even at this high urea concentration.
Other discrepancies between the experimental and pre-
dicted RDCs can be attributed to certain amino acid types
and sequence characteristics. Higher than expected RDCs
are observed around the two proline residues (Pro24 and
Pro67), for example, which suggests that the coil model for
all-Ala a-LA does not sufﬁciently account for the way in
which proline rigidiﬁes the polypeptide chain. Wells et al.
made a similar observation that their initial statistical coil
model did not adequately model the conformational
behaviour around proline residues (Wells et al. 2008). The
low RDC values for the highly mobile GYGG sequence
between residues 17 and 20, on the other hand, are well
predicted by the model. Interestingly, the tryptophan resi-
dues (Trp60, Trp104 and Trp118) give rise to regions of
lower RDC values than predicted and in many cases to
J Biomol NMR (2009) 45:121–131 127
123negative values. While sustained stretches of RDCs with
the opposite sign have been shown to be characteristic of
helical conformations, it has been shown that changes in
sign spanning just a couple of residues can arise from turn
conformations (Mukrasch et al. 2007). Model peptides
containing residues 101–111 and 111–120 from a-LA were
shown to adopt turn-like structures for residues 103–106
and residues 115–118, respectively (Demarest et al. 1999;
Demarest and Raleigh 2000). Thus, Trp104 and Trp118
may be inducing turns in the all-Ala a-LA structure even in
the presence of denaturant. To investigate the possibility of
long-range contacts, different ensemble sub-sets of the
random-coil ensemble were considered (Bernado ´ et al.
2005a), but no evidence of long-range contacts was found
for all-Ala a-LA which is consistent with previous studies
(Wirmer et al. 2006a).
Discussion
Previous studies have elucidated the pattern of non-coop-
erative unfolding of the a-LA molten globule as the con-
centration of urea is increased (Schulman et al. 1997).
Chemical shifts were used to monitor this unfolding event
by exploiting the observation that in the molten globule
state the NMR resonances are very broad and cannot in
general be resolved. This is due to ﬂuctuations on a
millisecond to microsecond time scale in the populated
conformational ensemble. On unfolding, however, sharp
well-resolved resonances appear in the NMR spectrum.
The urea-induced unfolding is, therefore, followed by
monitoring the appearance of these sharp resonances in
the spectra as the concentration of urea is increased. The
results of these studies for all-Ala a-LA show that the
residues that are most resistant to urea-induced unfolding
are those in the regions corresponding to helices A, B, C, D
and the C-terminal 310 helix of native a-LA (Redﬁeld et al.
1999). The HSQC cross peaks of many of the residues in
these regions are only observed when the protein is
exposed to urea concentrations of 4 M or higher. The
observed pattern of the appearance of peaks in HSQC
spectra indicates that unfolding of the all-Ala a-LA molten
globule in urea is a non-cooperative process.
Here we have extended the investigation of all-Ala a-LA
by measuring
15N relaxation data and RDC values at urea
concentrations of 4, 6, 8 and 10 M. It is now possible to
characterize the unfolding of all-Ala a-LA in greater detail
and, in particular, to follow the unfolding of residual
structure occurring at higher urea concentrations. Both the
15N relaxation and RDC data show that the region corre-
sponding to the native D helix unfolds last and is involved
in non-random interactions even in 10 M urea. The native
A and B helices are the next most stable parts of the
structure, with millisecond time scale motions present in
8 M urea as well as RDCs indicative of non-random coil
conformations. The regions of all-Ala a-LA corresponding
to the C and C-terminal 310 helices of native a-LA show
non-random interactions up to a urea concentration of 6 M.
Other evidence for persistent non-random structure in
the C-terminal region of the protein comes from studies of
short peptide fragments (residues 101–120) taken from
the a-LA sequence (Demarest et al. 1998, 1999, 2001;
Demarest and Raleigh 2000). These have identiﬁed two
hydrophobic clusters involving residues 101–104 and
115–119, respectively. The cluster involving Ile101,
Tyr103 and Trp104 has been shown to be intact in 8 M
urea and based on the
15N relaxation and RDC data we
propose that this remains intact even in 10 M urea in all-
Ala a-LA. The negative RDC values in this region are
consistent with the formation of a turn-like structure by
these residues (Mukrasch et al. 2007). It has been shown
that ubiquitin forms a hairpin turn at urea concentrations as
high as 8 M (Meier et al. 2007).
It has been a long-term goal to be able to predict non-
random structure directly from the polypeptide sequence. It
has been shown previously that amino-acid bulkiness
averaged over a 5-residue window along the protein
sequence is able to predict RDCs for unfolded polypeptides
(Cho et al. 2007). The experimental RDC data for all-Ala
a-LA in 10 M urea are compared with predictions from the
bulkiness proﬁle for the all-Ala a-LA sequence in Fig. 5a.
A reasonable correlation is obtained for most regions of the
sequence with the exception of residues 103–106. The
trends in the bulkiness proﬁle along the sequence are
similar to those in the predicted RDC values from the
statistical coil model although the bulkiness proﬁle is
smoother as the values are averaged over a ﬁve-residue
window. The good agreement between the measured RDCs
and the bulkiness proﬁle is not surprising when high con-
centrations of denaturant are present, since the effect of
electrostatic and hydrophobic forces within the polypeptide
chain will be minimized by the denaturant. The only
physicochemical property of the amino acids which
remains a dominant factor is their relative size (or bulk).
As the concentration of denaturant is lowered, electro-
static and hydrophobic forces will start to come into play.
In studies of apomyoglobin, the average area buried upon
folding (AABUF) has been suggested to provide a good
indication of those regions within the polypeptide chain
which might be involved in the initial non-random inter-
actions which then initiate the collapse and folding of the
protein (Nishimura et al. 2005; Rose et al. 1985). An
alternative parameter which has been investigated in this
context is hydrophobicity (Wirmer et al. 2006a). Hydro-
phobicity scales generally disregard amino acid size; lysine
and arginine, for instance, are assigned low values on the
128 J Biomol NMR (2009) 45:121–131
123basis that they are charged. Signiﬁcantly higher values are
attributed to amino acids such as alanine, which although
small is entirely hydrophobic (Abraham and Leo 1987).
AABUF, on the other hand, takes size into account and
assigns lower values to Ala than Arg or Lys (Rose et al.
1985).
The AABUF and hydrophobicity proﬁles for all-Ala
a-LA are compared in Fig. 5b; these two parameters show
similar trends in most regions of the sequence. The regions
corresponding to the native B, D and C-terminal 310 heli-
ces, which unfold at the highest urea concentrations, are
predicted well by both parameters. The R2 data and
15N
chemical shift differences between 6 and 10 M urea in the
region of residues 15–25 indicate signiﬁcant backbone
mobility and a lack of residual structure, particularly for
residues 17–20; this is better reﬂected by the AABUF than
the hydrophobicity values.
Surprisingly, comparison of the experimental data and
the AABUF and hydrophobicity values for the A-helix
region and the ﬁrst half of the b-domain shows less
agreement. The experimental data suggest that the A-helix
region is involved in residual structure at urea concen-
trations of 6–8 M urea, but the AABUF and hydropho-
bicity values in this region are only slightly larger than
the average values across the whole sequence. It may be
the high degree of helical propensity rather than the
hydrophobicity in this region of the sequence which is
driving the formation of residual structure. The experi-
mental R2 values and
15N chemical shifts suggest that the
b-domain is largely unfolded at urea concentrations of
6 M and higher. Reasonably good agreement is observed
between the experimental RDCs and both the values
predicted from the statistical coil model (Fig. 4b–e) and
the bulkiness proﬁle (Fig. 5a) conﬁrming that the
b-domain is largely unfolded in 6 M urea. The AABUF
and hydrophobicity proﬁles on the other hand show
elevated values within the b-domain, in particular for
residues 50–60. The higher values for residues *50–60
compared to residues *61–70 mirror the slightly elevated
R2 values which are observed for residues 40–60 com-
pared to residues 61–80 in 4 M urea and correlate with a
recent study of backbone dynamics of the all-Ala a-LA
molten globule that has shown more restricted mobility
for residues 40–60 than for 61–80 (Ramboarina and
Redﬁeld 2008). This suggests that some non-random
behavior may be present in the b-domain at lower urea
concentrations but that this structure does not persist at
higher urea concentrations as it does in the a-domain. The
correlation between measured NMR parameters and the
AABUF proﬁle although reasonable for all-Ala a-LA,
does not appear to be as clear as that reported previously
for apomyoglobin (Nishimura et al. 2005).
In conclusion, the measurement of
15N relaxation data
and RDCs for all-Ala a-LA at several concentrations of
urea has provided a more detailed understanding of the
stepwise non-cooperative unfolding of this protein at
higher urea concentrations. This has identiﬁed the presence
of non-random interactions at urea concentrations as high
as 10 M which arise from conformational sampling of turn
structures. The presence of such transient structure was not
evident from the previous HSQC-based urea titration study
which focused largely on the loss of stable secondary
structure and long-range hydrophobic interactions in the
molten globule which gave rise to signiﬁcant peak broad-
ening at lower urea concentrations (Redﬁeld et al. 1999).
The application of both approaches can provide a more
Fig. 5 a Experimental RDCs
recorded for all-Ala a-LA in
10 M urea (black) are compared
with the bulkiness proﬁle (red)
calculated as described by Cho
et al. (2007). b Normalised
values for all Ala a-LA of the
average area buried upon
unfolding (AABUF) (black)
(Rose et al. 1985) are compared
with the hydrophobicity using
the Abraham & Leo scale (red)
(Abraham and Leo 1987). All
values were averages over
7-residue windows. The dashed
grey line shows the mean value
of AABUF and hydrophobicity
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123complete picture of the loss of structure that occurs as a
molten globule unfolds in urea.
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